Alteration of exon splice enhancers (ESE) may cause autosomal dominant GH deficiency (IGHD II). Disruption analysis of a (GAA) (n) ESE motif within exon 3 by introducing single-base mutations has shown that single nucleotide mutations within ESE1 affect pre-mRNA splicing.
G H IS ESSENTIAL FOR postnatal somatic growth in
humans, and GH deficiency (GHD) causes metabolic alterations and growth failure. Short stature associated with isolated GHD (IGHD) has been estimated to occur in about 1:4,000 to 1:10,000 births, with 5-30% of patients having affected first-degree relatives (1) (2) (3) . The autosomal-dominant form of IGHD type II (IGHD II) is mainly caused by mutations at the donor splice site in intervening sequence 3 (5ЈIVS-3), i.e. within the first 6 bp in intron 3 (4), resulting in missplicing at the mRNA level and the subsequent loss of exon 3 leading to the production of a 17.5-kDa human GH isoform (5) . This isoform lacks amino acids 32-71, which is the linker domain between the first two helices of GH, disrupting an internal disulfide bridge and thereby overall protein structure (6, 7) . At the functional level, it exhibits a dominant-negative effect on the secretion of the 22-kDa isoform in both tissue culture and transgenic animals (8 -10) . The 17.5-kDa isoform is initially retained in the endoplasmic reticulum, disrupts the Golgi apparatus, impairs GH and other hormonal trafficking (11) , and partially reduces the stability of the 22-kDa isoform (8) . Furthermore, transgenic mice overexpressing the 17.5-kDa isoform exhibit a defect in the maturation of GH secretory vesicles and anterior pituitary gland hypoplasia due to a loss of the majority of somatotropes (8, 9, 12) .
Skipping of exon 3 caused by GH-1 gene alterations other than those at the donor splice site, including the mutations that are located within purine-rich sequences in the exon splice enhancer (ESE1m1 and ESE1m2 in ESE1, respectively), and in the intron splice enhancer (ISEm1 and ISEm2 in ISE, respectively), has also been reported in other patients with IGHD II (4, (12) (13) (14) (15) (16) (17) . The first seven nucleotides in exon 3 seem to be crucial for the splicing of GH mRNA (18) such that some nonsense mutations cause a missplicing at the mRNA level and result in the translation of different GH isoforms. After the molecular analysis of a Swiss family suffering from IGHD II caused by a disruption of a (GAA) (n) ESE motif within exon 3 (exon 3 ϩ 5 A3 G), Moseley et al. (16) introduced single-base mutations by mutagenesis to study the role of each single nucleotide within ESE1 of GH1 and described their effect on pre-mRNA splicing. It was shown that the presence of an exon 3 ϩ 5 A3 G mutation (ESE1m1) increased significantly the production of mRNA for the 17.5-kDa GH isoform relative to the 22-kDa isoform. Furthermore, another artificially introduced mutation in ESE1, exon 3 ϩ 2 A3 C, evoked even higher production of the 17.5-kDa GH isoform, showing that exon 3 skipping is favored over use of the exon 3 ϩ 45 cryptic splice site, which is the next available 3Ј splice site after the weak IVS2 3Ј splice site.
Importantly, we are now in a position to describe the clinical phenotype of this heterozygous exon 3 ϩ 2 A3 C mutation in ESE1 of the GH-1 gene found in two families with IGHD II. This mutation causes a glutamic acid to alanine amino acid change at position 32 in the human GH protein and leads to missplicing at the mRNA level, producing large amounts of the 17.5-kDa GH isoform. Therefore, the aims of the study were to both describe the phenotype and investigate the molecular defect evoked by the GH-E32A mutation causing familial IGHD II. First, the mRNA splicing of GH-E32A was compared with wt-GH at the protein level by Western blot. Furthermore, the impact of the mutant GH peptide on the intracellular and extracellular production of wt-GH as well as on cell viability and proliferation on transfection of GH mutant in AtT-20 cells was investigated. In addition, by using confocal microscopy, colocalization of the GH-E32A with different organelles (endoplasmic reticulum, Golgi and secretory granules) within the secretory pathway was studied in detail.
Subjects and Methods

Family 1 (Swiss family)
We describe a nonconsanguineous three-generation family from Turkey. Basically, all members depicted were auxologically examined (19) , whereas five individuals were studied in detail, namely the grandmother, father, and mother as well as the two offspring (Fig. 1A) . The analysis of the pedigree suggested an autosomal dominant growth disorder; and standard pharmacological stimulation tests (insulin-induced hypoglycemia, arginine stimulation) were performed (20) . Auxological and laboratory data are presented in Table 1 . Furthermore, genetic analysis revealed a familial E32A heterozygous mutation of the GH-1 gene in the affected members of the family.
Patient III:2 in Pedigree 1 (Fig. 1A ) was born at term (39 3/7 wk of pregnancy); birth weight and length were 2620 g [Ϫ2.1 sd score (SDS)] and 46.2 cm (Ϫ1.7 SDS), respectively (19) . Growth retardation became obvious at the age of 5 3/12 yr. At the age of 6 yr, the patient was referred and presented with short stature (Ϫ3.3 SDS for age and sex), and IGHD was diagnosed ( Fig. 2A and Table 1 ) (19) . Subsequently recombinant human GH (rhGH)-replacement therapy (Norditropin; Novo-Nordisk, Copenhagen, Denmark; at a dose of 25 g/ kg) was administered daily sc.
Her brother (III:1) was born at term (38 6/7 wk of pregnancy) after a normal pregnancy. The delivery and peri-and postnatal course were uncomplicated. His birth weight and length were 3160 g (Ϫ1.2 SDS) and 49.4 cm (Ϫ0.6 SDS), respectively (19) . His growth and development were in the normal range, and no GH-1 gene mutation (E32A) was found.
The Ethical Committee of the University Children's Hospital approved the experimental protocol. Informed consent was obtained from parents as well as family members involved.
More detailed information has been uploaded as supplemental data, published as supplemental data on The Endocrine Society's Journals Online Web site at http://jcem.endojournals.org.
Family 2 (English family)
The index case (II:1 in Fig. 1B ) was referred for evaluation of short stature in 1982 at the age of 7.2 yr (height 99 cm: Ϫ5.9 SDS) (19) . His birth weight at term was 3100 g (Ϫ1.3 SDS) (19) . His mother was short at 147 cm (height SDS Ϫ2.9) but had never undergone any investigations (Fig.  1B, gray symbol) . Patient II:1 had pituitary function testing, which revealed low peak levels of GH during sleep (3.2 ng/ml) and an arginine stimulation test (2.4 ng/ml), with the other hormones all normal (20) . Computed tomography scan revealed a small anterior pituitary gland occupying 50% of the fossa. Human pituitary-derived GH was started but discontinued on its withdrawal in 1985. rhGH was then introduced and stopped at age 16 yr (Fig. 2B) . At retesting off GH at 16.6 yr, peak GH levels to arginine and exercise were 5.8 and 2 ng/ml, respectively (20) . Further assessment with a glucagon stimulation test at age 21 yr then showed a normal peak GH level of 12.3 ng/ml (20) . However, an IGF-I level at age 25 yr was low at 101 ng/ml (normal range 127-360 ng/ml; Ϫ3.1 SDS).
He has had four children to three mothers (Fig. 1B) . His first son, patient III:1, presented for evaluation of short stature at age 5.7 yr (height 92 cm, Ϫ5.2 SDS) (19) . His birth weight at term was 3100 g (Ϫ1.3 SDS). Peak GH level to arginine stimulation was 2.4 ng/ml with a hypoplastic anterior pituitary on magnetic resonance imaging (20) . Treatment with rhGH was started at age 6.3 yr with an initial catch-up of growth, but compliance, and thus response, has been poor (Fig. 2C ). Both patients II:1 and III:1 were heterozygous for the GH-E32A mutant (Fig. 1B) .
Patient III:2 has not been assessed at our unit but has recently been diagnosed to have IGHD and is due to start rhGH replacement. DNA is not available from this child; however, heterozygosity for GH-E32A is likely, indicated in gray in Fig. 1B .
Patient III:3's perinatal course had been normal and his birth weight was 3900 g (ϩ0.8 SDS). His growth velocity from 2 months of age was poor, and in view of the family history and early signs of GHD, he had an endocrine evaluation. His peak GH level to arginine was 2.3 ng/ml and his IGF-I less than 25 ng/ml (20) . His height SDS at 1.9 yr of age before starting on rhGH replacement therapy was Ϫ3.9 SDS (76 cm) (19) . In addition to a homozygosity for ⌬F508 in the CFTR gene, he is heterozygous positive for the GH-E32A mutant.
Patient III:4 also had an uneventful perinatal period with a birth weight of 4200 g (ϩ1.38 SDS) but was screened for cystic fibrosis and the GH-E32A mutant confirmed; gray: phenotype suggests the GH-E32A genotype). The height (centimeters) and height SD scores are reported (19) . DNA sequencing revealed that the affected subjects available for genetic screening presented with heterozygosity for the E32A transition mutation of the GH-1 gene.
GH-1 gene mutation in view of the family history. His height SDS at age 7 months was ϩ0.89. He has a normal GH-1 gene.
Cell culture and treatment
Mouse pituitary (AtT-20/D16v-F2) cells and Chinese hamster ovary (CHO-K1) cells were cultured as previously described (22) .
Expression vectors
Wild-type GH (wt-GH, full-length, accession no. J03071) was cloned in pXGH5 (Nichols Institute Diagnostics, San Juan Capistrano, CA) as previously described (16) . To generate the GH mutant studied (GH-E32A), site-directed mutagenesis was performed using the QuickChange site-directed mutagenesis kit from Stratagene (Basel, Switzerland) and mutant oligonucleotide primers: forward, 5Ј-TCC TTC TCC TAG GCA GAA GCC TAT ATC C-3Ј and reverse, 5Ј-GGA TAT AGG CTT CTG CCT AGG AGA AGG A-3Ј.
Western blot analysis
CHO cells were transiently transfected with wt-GH, GH-E32A, or cotransfected with wt-GH and GH-E32A using nucleofection technology (Nucleofector, Amaxa Biosystems GmbH, Cologne, Germany) in an electroporation cuvette with nucleofector solution T using the program U-30. Cells were transferred into fresh prewarmed medium containing 10% fetal calf serum. Six hours after transfection, the cells were stimulated with 50 m forskolin (Sigma Aldrich, Buchs, Switzerland) for 2 h. Untransfected CHO cells stimulated with forskolin were used as a negative control. After 24 h of growth, cellular proteins were extracted using radioimmunoprecipitation assay lysis buffer, and 35 g of total cell lysates were separated on 15% SDS-PAGE gel and blotted on Immobilon P transfer membranes (Millipore, Bedford, MA) by semidry transfer using the Trans-Blot semidry apparatus (Bio-Rad Laboratories, Hercules, CA). Membranes were probed with polyclonal rabbit antihuman GH antibodies (ICN Pharmaceuticals, Inc., Eschwege, Germany). As a secondary antibody, antirabbit immunoglobulin (DakoCytomation, Glostrup, Denmark) was used. Protein bands were visualized by en- A, rhGH treatment started at age 7 yr. B, Pituitary GH (pitGH) was started at age 8.2 yr and was withdrawn at age 9.5 yr. rhGH therapy was introduced at 11 yr and discontinued when the patient reached the approximate final height. C, rhGH was started at age 6.3 yr with an initial period of catch-up growth. Between ages 7 and 9 yr and 10 and 11.7 yr, he had very poor compliance as depicted in the growth chart. Radiographs were taken of the left hand and wrist for assessment of skeletal age according to Greulich and Pyle (21) , IGF-I and IGF-binding protein (IGF-BP3) measurements were performed using the IGF-I immunoradiometric assay (radioisotope assay kit; Nichols Institute Diagnostics) and the IGF-BP3 RIA kit (Nichols Institute Diagnostics), respectively. Ht-vel., Height velocity.
hanced chemiluminescence substrate reagent and exposed on ECL Plus films (Amersham Pharmacia Biotech, Dü bendorf, Switzerland). These experiments were repeated five times, and the data are given accordingly (Fig. 3) .
GH secretion/production after forskolin stimulation
AtT-20 cells were cultured in DMEMϩ5% fetal calf serum in six-well plates and transfected using FuGene 6 (Roche Diagnostics AG, Rotkreuz, Switzerland). The cells were transiently transfected with 1 g plasmid in total, containing 1 g of wt-GH, 0.5 g of wt-GH and pcDNA3.1, 0.5 g of wt-GH and GH-E32A, 0.5 g of GH-E32A and pcDNA3.1, or 1 g of pcDNA 3.1 as a negative control. Twenty-four hours after transfection, the cells were stimulated with 50 m forskolin (Sigma Aldrich). Aliquots of culture medium were collected before stimulation (basal) and 15, 30, 60, 90, 120, and 150 min after stimulation, when the cells were washed with PBS and lysed using radioimmunoprecipitation assay buffer. GH was measured in the aliquots of culture medium (extracellular) and in lysed cell extracts (intracellular) by the DSL-10 -1900 Active human GH ELISA kit (Diagnostic Systems Laboratories, Webster, TX). These experiments were performed five times in triplicates. Furthermore, intracellular GH content was analyzed in stimulated as well as nonstimulated cells.
Hormonal measurement
Human GH immunochemiluminometric assays and DSL-GH ELISA measurements were performed as previously described (23) .
Confocal microscopy analysis/nucleofection and AtT-20 cell proliferation assay
The preparation of the AtT-20 cells, immunofluorescence staining, and the antibodies used have all been previously reported (22, 24) 
Statistical analysis
The statistical significance of results from GH production, confocal studies, and cell proliferation assays in AtT-20 cells was assessed using ANOVA one-way test plus Dunnet's multiple comparison tests, comparing GH-E32A with wt-GH.
Results
Production of different splice variants (protein) in cells expressing wt-GH vs. GH-E32A
To investigate the differences in the splice products of wt-GH vs. GH-E32A after forskolin stimulation in CHO cells, we performed Western blot analysis (Fig. 3) . As expected, transfected wt-GH produced mostly the 22-kDa GH isoform (88.2%), only small amounts of 20-kDa (10.1%) and almost undetectable amounts of 17.5-kDa (1.7%). However, the transfected GH-E32A mutant yielded a reduced proportion of 22-kDa GH isoform (24.7%) but at the same time an increase in proportion of 20-kDa (19.5%) and especially the 17.5-kDa isoform (55.8%). When CHO cells were cotransfected with wt-GH and GH-E32A, the amounts of 22, 20, and 17.5 kDa produced were 64.4, 13.5, and 22.1%, respectively. These data contrast with the amount of 88.2% (22 kDa), 10.1% (20 kDa), and 1.7% (17.5 kDa) found whenever wt-GH/ wt-GH was transfected into CHO cells (Fig. 3) . Data are indicated in Fig. 3 as mean Ϯ sd of five independent experiments.
The secretion of GH in the supernatant of AtT-20 cells
Having analyzed the production of different GH isoforms in the cell derived from the GH-E32A mutant through aberrant mRNA splicing, we investigated the possible impact of the increased production of the 17.5-kDa isoform on the secretion of the wt-GH. AtT-20 cells were transfected individually with either wt-GH (wt-GH/wt-GH or wt-GH/ pcDNA 3.1) or GH-E32A (E32A/E32A or E32A/pcDNA 3.1) or cotransfected with both wt-GH and GH-E32A (wt-GH/ E32A) (Fig. 4A ). Cells transfected with pcDNA 3.1 were used as a negative control. The transfection efficiency was checked by using an enhanced green fluorescent protein (EGFP)-N1 plasmid; cells were analyzed by fluorescent microscopy and efficiency was found to be consistent among independent experiments.
Twenty-four hours after transfection, AtT-20 cells were stimulated with 50 m forskolin for 2.5 h. Aliquots of culture medium were taken for GH measurement before stimulation (basal release) and at given time points after stimulation (30 min interval up until 150 min). These experiments were performed five times in triplicate. The basal amount of GH measured in the medium (8.9 ng/ml), in which the wt-GH transfected AtT-20 cells (wt/wt) were grown, was set as 100%, and the other measurements were compared against this. Overall, a significant increase (P Ͻ 0.01) of GH release was found after 120 min. The GH-E32A mutant presented a significantly reduced GH release (P Ͻ 0.05) vs. wt-GH when stimulation in double-transfected (wt/pcDNA3 vs. wt/ E32A) AtT20 cells was assessed.
However, because the basal GH concentration in medium varied, depending on the transfected plasmid containing either wt-GH or GH-E32A, the differences (⌬) between basal 
FIG. 3. Splicing of wt-GH vs. GH-E32A in CHO cells analyzed by
Western blot. The cells were transiently transfected with either wt-GH or GH-E32A or cotransfected with wt-GH and GH-E32A. Untransfected CHO cells were used as a negative control. Different GH isoforms were quantitated using ImageQuant software comparing different GH isoforms normalized to ␤-actin control. Data are given as mean Ϯ SD after five independent quantification experiments. and peak GH concentrations were assessed. ⌬ values were 53.3 Ϯ 2.5, 37.0 Ϯ 3.1, 30.0 Ϯ 2.2, 21.8 Ϯ 1.8, and 21.7 Ϯ 2.0% in wt/wt, wt/pcDNA3, wt/E32A, E32A/E32A, and E32A/ pcDNA3, respectively. Furthermore, GH-E32A significantly affects not only basal GH release ( Fig. 4A ; wt/pcDNA3 vs. E32A/pcDNA3: P Ͻ 0.01) but also has an impact on its stimulated production and later release (at 120 min wt/ pcDNA3 vs. E32A/pcDNA3: P Ͻ 0.05). Note also that GH-E32A has a major impact in reducing GH release when double transfected with wt-GH (wt/E32A) and compared with wt/wt (P Ͻ 0.01 at 120 min).
Intracellular GH content after forskolin stimulation
Twenty-four hours after transfection, GH was measured in AtT-20 cells stimulated with 50 m forskolin for 2.5 h. Stimulated as well as nonstimulated cells were lysed and intracellular GH content was measured following the time frame given. These experiments were performed five times in triplicate (Fig. 4B) . The amount of basal GH measured (21.5 ng/ml) in the wt-GH transfected AtT-20 cells (wt/wt) was set as 100%, and the other measurements were calculated accordingly. A mean increase of intracellular GH was seen after 60 min, which became statistically significant after 90 min (P Ͻ 0.05) except in the experiments in which wt/E32A was tested. Importantly, the increases of GH content were observed 30 -60 min before the increased GH release into the medium. These data underline the dominant-negative impact of GH-E32A on wt-GH production.
Intracellular localization of wt-GH and GH-E32A analyzed by confocal microscopy
To analyze the impact on the secretory pathway, colocalization of the wt-GH or GH-E32A within different compartments of the secretory pathway was studied in AtT-20 cells, applying quantitative confocal microscopy analysis (Fig. 5) . AtT-20 cells were transiently transfected with either wt-GH or GH-E32A, and the expression pattern was examined 24 h after transfection. Again, we checked the transfection efficiency using EGFP-N1 and found it to be consistent among different experiments. Panel I of Fig. 5 shows the overall distribution of wt-GH and GH-E32A, with a perinuclear region having the heaviest staining, which is consistent with accumulation in the endoplasmic reticulum and Golgi complex, and in a punctate staining near the plasma membrane, being consistent with accumulation of GH peptide in secretory granules. Costaining with antibodies against markers for endoplasmic reticulum (anti-Grp94), Golgi (anti-␤COP), and/or granules (anti-Rab3a) were performed, and confocal microscopy images of independent cells were analyzed. Fluorescent intensities of colocalized areas were measured for wt-GH and GH-E32A with each organelle, and the degree of A, GH secretion/production after forskolin stimulation 24 h after transfection, AtT-20 cells were stimulated with 50 M forskolin for 2.5 h. Aliquots of culture medium were taken for GH measurement before stimulation (basal release) and at the time points shown after stimulation. These experiments were performed five times in triplicate. The amount of GH measured in the medium (8.9 ng/ml) in which the wt-GH transfected AtT-20 cells (wt/wt) were grown was set as 100%, and the other measurements were calculated with respect to this. Overall, a significant increase (P Ͻ 0.01) of GH release was found after 120 min. Importantly, GH-E32A showed a significant reduced release effect (P Ͻ 0.05 at 120 min) on wt-GH when double transfected (wt/ pcDNA3 vs. wt/E32A). *, P Ͻ 0.05; **, P Ͻ 0.01. B, Intracellular GH production after forskolin stimulation 24 h after transfection; AtT-20 cells were stimulated with 50 M forskolin for 2.5 h. Stimulated as well as nonstimulated cells were lysed, and intracellular GH content was measured at the time points given. These experiments were performed five times in triplicate. The amount of basal GH measured (21.5 ng/ml), in which the wt-GH transfected AtT-20 cells (wt/wt) were grown, was set as 100%, and the other measurements were calculated accordingly. An increase of intracellular GH was found after 60 min, which became statistically significant after 90 min (P Ͻ 0.05) except in the experiments in which wt/E32A was tested. Importantly, the increase of GH content appeared 30-60 min before the GH release into the medium. *, P Ͻ 0.05. S, Stimulated; NS, nonstimulated.
colocalization of two fluorochrome signals was measured from a single cell. The average Pearson correlation coefficients did not reveal any significant difference in the extent of subcellular colocalization between wt-GH and GH-E32A with endoplasmic reticulum or Golgi. However, we observed significantly lower colocalization (P Ͻ 0.01) between wt-GH and GH-E32A with secretory granules.
Cell proliferation assay
To support and complement the secretion studies, which clearly showed a dominant-negative effect of GH-E32A on the secretion of the wt-GH, cell proliferation assays were performed. Cell proliferation was compared after 24, 48, and 72 h after transfection of AtT-20 cells with either wt-GH or GH-E32A or cotransfected with wt-GH and GH-E32A (Fig.  6 ). Transfection efficiency in viable AtT-20 cells was checked using EGFP-N1 as a positive control and was found to be 75% Ϯ 5% (average of three independent experiments). Throughout the first 2 d of the time course, we did not observe any significant difference in the proliferation rate of cells expressing wt-GH or GH-E32A or coexpressing wt-GH and GH-E32A (Fig. 6 ). In contrast, at d 3 the cells expressing GH-E32A or coexpressing wt-GH and GH-E32A exhibited significantly lower cell proliferation rates (P Ͻ 0.05) than those expressing wt-GH. These results support the idea that GH-E32A not only reduces the proliferation capability of AtT-20 cells but also may exert a dominant-negative effect on wt-GH in cell viability and/or proliferation rate in these cells. However, a dose-dependent stimulation by GH cannot fully be excluded.
Discussion
We report two families presenting with the exon 3 ϩ 2 A3 C mutation leading to the substitution of glutamic acid by alanine at position 32 in the GH molecule, resulting in the production of a mutant form of GH (GH-E32A). This mutation was found in the heterozygous state in all affected individuals with this familial IGHD II, available for GH-1 gene screening.
Clinically, these two families demonstrate clearly that the E32A mutation can generate a variable range of growth retardation. Adult heights of untreated individuals (height SDS Ϫ2.9 to Ϫ4.5), however, are on average greater than those seen with IGHD due to homozygous mutations in the GH-1 gene (25) . In addition, the severity of the GHD defined by stimulation tests may be variable and even minimally different from normal after GH replacement therapy, at least for a short period of time before newly relapsing. Because this mutation alters the coding sequence, one possibility is that the GH-E32A mutant has an impact on binding or signaling of the GH receptor in a dominant-negative fashion. We made and tested this mutant and found normal binding as well as signaling, compared with wt-GH (Besson, A., and P. E. Mullis, unpublished data). A more likely possibility is that it alters splicing, giving rise to a mutant allele product. Thus, the expression of studies in CHO cells revealed that wt-GH splicing almost exclusively produced the 22-kDa isoform with barely detectable amounts of 17.5-kDa GH isoform. However, GH-E32A led to a significant increase in missplicing and production of the 17.5-kDa GH isoform (55% of total GH protein). These data are in agreement with the data of Moseley et al. (16) obtained at the mRNA level. These data are therefore of vital importance to our understanding of GH gene splicing and suggest that, depending on the location of the mutation within the GH-1 gene, not only with respect to the splice sites (26) but also to the ESE, the splicing of exon 3 varies and therefore impacts to differing extents on the quantity of 17.5 kDa GH produced, ultimately leading to variable phenotypic expression of IGHD II (27) (28) (29) (30) (31) (32) (33) .
The production and secretion of abundant quantities of peptide hormones is the major task of peptide-secreting neuroendocrine cells. A dominant-negative effect of the 17.5-kDa GH isoform on the secretion of 22-kDa GH has been demonstrated by several independent studies (9, 10, 12) . Because the GH-E32A mutant generated an increased amount of 17.5-kDa GH isoform, compared with wt-GH, we investigated the possible dominant-negative effect of this mutant on the secretion of the wt-GH.
Forskolin-stimulated release of GH was studied in either single-or double-transfected (wt-GH and GH-E32A) AtT-20 cells. Although GH-E32A cells already showed a significantly different basal GH production (P Ͻ 0.01) when compared with wt-GH cells, the stimulated GH release peaked overall at 120 min (Fig. 4A) . Furthermore, cells coexpressing both wt-GH and GH-E32A (as in our heterozygote subjects) showed a significant reduction in GH release after forskolin stimulation when compared with those expressing wt-GH (wt/wt: P Ͻ 0.01; wt/pcDNA3: P Ͻ 0.05). These results suggest that GH-E32A exerts a dominant-negative effect on the release of the wt-GH and correlate with the impaired GH secretion observed in the patients carrying the heterozygous GH-E32A mutation. Although the intracellular GH production peaked 30 -60 min before the GH release into the medium and paralleled those secretory data obtained, the mechanism leading to a dramatically reduced release is most likely explained by an increased production and accumulation of the 17.5-kDa GH isoform (26) .
With GH-E32A, some wild-type as well as some 17.5 kDa (exon 3 skipped GH isoform) is produced (22 kDa: 64.4%; 17.5 kDa: 22.1%; Fig. 3 ), so the E32A mutant form of GH might not have a fully cytotoxic effect on the somatotroph cells as has been suggested in other autosomal dominant endocrine disorders (28, 34, 35) . Furthermore, the mutant form might rather have a time-dependent impact on the regulated secretory pathway, blocking its secretion over time. However, this seems to be fully reversible as has been shown in subjects presenting with the R183H mutant GH form (24, 36) . The somatotroph cells might recover after the removal of the constant endogenous GHRH stimulation after exogenous GH replacement to normalize IGF-I levels. This hypothesis is underlined by the fact that the patient (II-1, English family; Fig. 1B ), when retested after GH replacement, appeared GH sufficient but developed GHD again later. Similar results could be obtained when testing the Swiss family for GHD before, during, and after a trial of human GH treatment. From the practical point of view, it is important to remember this mechanism of IGHD II as a potential cause of temporary reversibility of GHD after the cessation of rhGH treatment at the time of transition.
The secretory pathway consists of a series of membrane- bound compartments through which proteins targeted for secretion are moved (37) (38) (39) . We compared the association of either wt-GH or GH-E32A with different compartments within the secretory pathway, namely endoplasmic reticulum, Golgi, and secretory vesicles, by costaining with antibodies against GH and against markers of these organelles. Our results revealed that in the case of both wt-GH and GH-E32A, no significant difference was observed in colocalization with endoplasmic reticulum or Golgi. These findings suggest that both GH variants are successfully folded, sorted, and exported from the endoplasmic reticulum and that they pass through the Golgi apparatus in a similar way. However, GH-E32A presented a significant reduction in colocalization with secretory granules, compared with wt-GH. These results correlate with the secretion results obtained in AtT-20 cells in which a slight reduction in secretion of GH-E32A, compared with wt-GH, was observed. The variations in the levels of the 17.5-kDa GH isoform may be correlated with the severity of clinical phenotypes observed in some patients with IGHD II (27, 28, 40) . Transgenic mice having high copy numbers of the ⌬3 allele presented a more severe phenotype than mice with low copy numbers (9) . Moreover, the data from the same study suggested that due to the inability to be secreted, the complexes of the 17.5-and 22-kDa isoforms accumulate in the endoplasmic reticulum, Golgi, and cytosol, eventually proving toxic to the cell and causing cell death. Therefore, we attempted to investigate the proliferation rate and viability of AtT-20 cells expressing wt-GH and GH-E32A singly or coexpressed together. The data obtained clearly demonstrated the dominant-negative effect of GH-E32A on wt-GH in proliferation and/or viability of AtT-20 cells.
In conclusion, we report a novel E32A mutation in the GH molecule found in two different pedigrees with IGHD II. A single-nucleotide change (exon 3 ϩ 2 A3 C) leads to aberrant mRNA splicing generating high concentrations of the 17.5-kDa GH isoform, compared with wt-GH. Due to increasing production of the 17.5-kDa isoform relative to the 22-kDa isoform, the GH-E32A mutant exhibited a dominant-negative effect on wt-GH on both secretion and cell proliferation, as investigated in AtT-20 cells.
